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Maintenance of buildings is crucial for ensuring that the financial, economic and societal 39 capital invested in the fabric is retained. 'Green Maintenance' has the potential to refocus the 40 traditional view of the repair of building, towards sustainability (Forster et al., 2011; Kayan, 41 2013; Kayan, 2015) and therefore go some way to satisfy legally binding sustainability targets.
Europe's national wealth is encapsulated within its existing built environment (Balaras et al., have been attributed to the operations as well as the maintenance and repair of existing buildings 
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For the purpose of historic maintenance records data collection for this paper, the selected 34 samples of historic masonry buildings were determined to be owned and managed by 35 collaborative partners (Historic Scotland, National Trust for Scotland) and The City of 36 Edinburgh Council (CEC). These sample buildings were selected from different localities in 37 Scotland, including the central and west, the Scottish Borders, Glasgow, Clyde and Ayrshire,
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Edinburgh and the Lothians, Fife, and Dumfries and Galloway. These all selected sample were 39 varies in type including tenements, public and private houses, townhouses, guesthouses and etc. 40 had large areas of exposed stone masonry wall elements. Additionally, the stone masonry wall 41 elements of each selected sample building were different in terms of type of wall construction 42 and stone used. They had different localities (different local climate) and dissimilar weathering 43 effects (rate of deterioration) in their stone masonry. Apparently, this influenced the longevity of 44 the repair techniques undertaken (the faster the rate of deterioration, the more frequently repair 45 was required) and the total wall area repaired (the larger the deteriorated surface of a wall, the 46 higher total area repaired) within selected maintenance periods.
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The data utilised to test the model was derived from evaluation of historic maintenance 48 records within several significant portfolio holders. These include, Historic Scotland (HS); 49 replacement lasting at least 100 years.
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The cumulative effect of 'brown' maintenance increases the total embodied carbon expended 24 far more quickly than 'green' maintenance and does not attain required longevity. Practically, 25 brown maintenance interventions are associated with many factors but prevalent issues may 26 include, inadequately specified, high carbon materials, that are poorly executed and that do not 27 attain functional longevity. Conversely, green maintenance could be typified by a durable low 28 carbon repair that suitably achieves the required broader set of design requirements. As of masonry back to optimal service condition (in this case, optimal service condition of masonry 4 is defined as when it attained good condition and able to fulfil its elemental functions). It then 5 deteriorates at a rate that depends on the repair type. Intervention is assumed to occur when the 6 minimum acceptable condition is reached, and the saw-tooth profile results from successive 7 interventions, each extending the life of the masonry.
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Principally, the more frequent the maintenance intervention, the higher the embodied 9 carbon expended (more CO 2 emissions). Generally, an almost zero impact repair (lowest CO 2 10 emissions) might be better even needed several times (example of repointing which highly 11 influenced by minimal usage of materials on each intervention). It must be noted that, however,
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it is commonly frequently required for overall surface of wall to be repointed within maintenance 13 phase (large wall areas will implicates consistently high overall total EMI within the life cycle 14 of buildings).
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Generally, in the case of historic masonry building repair, various mechanisms may exist 16 to reduce the total CO 2 emitted (sometime referred as greenhouse gas emissions, GHG); local 17 sourcing of masonry repair materials, using regional companies to undertake the masonry repair 18 work and selecting low embodied carbon materials. To attain low embodied carbon expenditure 19 for stone masonry wall repair within specified arbitrary maintenance period (such as in 100 20 years), preference is given to natural replacement (higher longevity, lower embodied carbon 21 expenditure and less CO 2 emissions) as opposed to plastic repair (lower longevity, high 22 embodied carbon expenditure and more CO 2 emissions). Due to complexity of repair longevity, 23 using either single or combined repair techniques in different repair scenarios for stone masonry 24 wall repair within the selected boundary of LCA and the maintenance profile period, therefore, 25 an appropriate approach is essentially required in determining the impact in terms of overall EMI
26
(CO 2 emissions).
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It must be emphasise that every repair type has differences in term of durability
28
[unpredictable of Estimated Service Life (ESL)] and longevity of repair. Therefore, it is not 29 necessary for undertaking masonry repair only when reach the same level of optimal service 30 condition. The time between interventions is influenced by many variables, including material 31 durability, degree of exposure, building detailing, and quality of repair and specification.
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Undertaking repairs at frequent intervals increases the risk of mechanical damage to the masonry 33 associated with scaffolding. Less regular masonry repair can reduce the risk of this damage and 34 also aligns with the philosophical principle of least intervention.
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Principally, higher embodied carbon (more CO 2 emissions) is associated with more frequent 36 maintenance interventions. Clearly, 'lock up' of embodied carbon in stone masonry walling is a 37 function of the longevity of the selected interventions. It is therefore desirable to attain low 38 carbon, high durability repairs. For example, natural stone replacement can be considered as 39 being 'greener' in terms of embodied carbon compared to plastic repair due to its relative 40 longevity. Longevity of the individual repair is therefore inversely proportional to the number 41 ('n') of repeat interventions required over a notional time frame. In reality 'n' is influenced by 42 factors such as the materials specification; the quality of the executed works; the design and 43 detailing of the structure; the exposure levels that the repair is exposed to and climatic conditions 44 (Forster and Carter, 2011 (Hill, 1995) . The environmental impact of these repair types also depend upon five years (five times of intervention in a hundred selected specified periods) (Kayan, 2013) .
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Repeated plastic repair is a technique used to reface deteriorated masonry. The term
31
'plastic' refers to the plasticity or workability of the fresh mortar rather than a polymeric 32 material. The mortar adopted for these surface repairs can vary greatly but as with repointing 33 mortars are principally composed of a binder and an aggregate. Under this repair scenario, the 34 decayed surface of the stone masonry wall was assumed to be cut back to a point at which a 35 sound substrate was reached and lime-based mortar was used to resurface the stone. Then, the building in of a new section of stone. For this paper, the replacement stone will last beyond the 20 hundred years and so only 0.8 of its EMI was attributed to the study period (Kayan, 2013) .
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It must be emphasised that certain combinations of stone masonry wall repair are more 22 common than others. For example, pinning and consolidation would be done only once and 23 followed by stone replacement, while a plastic repair is followed by stone replacement within a 24 selected arbitrary period. By contrast, it would be highly unusual to pin and consolidate and then 
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In practice however, LCA appears to be problematic as it commonly has many complications.
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Hammond and Jones (2008a) suggest that there are varies differences in LCA calculations 41 including boundary conditions restriction and general incorrect assumptions. These differences 42 carry a natural level of variation and methodological differences and relevant parameters. Remarkably, in reality, it must be emphasised that natural stone replacement commonly outlived
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Predicted Life of one hundred years. Commonly, this is highly influenced by stone profiles as 21 well as longevity of repair of for natural stone (Kayan, 2013 The development of the calculation procedures underpinning the 'Green Maintenance' model These stages are utilised to define the boundaries of LCA and therefore attain tangible values 5 to be entered into the model.
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Cumulative Embodied Carbon Expenditure
8
The embodied carbon for repairing stone masonry walls was calculated within 'cradle-to-gate'
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(for quarrying, mining, manufacturing and processing) and 'gate-to-site' (transportation to site).
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Green Maintenance model determined the efficiency in terms of Environmental Maintenance The total embodied carbon expenditure within selected maintenance periods were calculated 12 based on the total cumulative values for the stone masonry wall repair.
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The total embodied carbon evaluates a series of complete interventions within selected Additionally, it must be placed on the calculation procedures of this paper, which should be able 32 to draw rational comparisons between individual and multiple cumulative maintenance interventions. An evaluation of the embodied carbon expenditure could then be calculated for 34 each of these repairs techniques within the selected boundary of LCA. intervention.
35
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For instance, Table 3 summarises the overall total EMI, evaluated in terms of embodied carbon 
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From the data shown in Table 1 and Table 3 , it is evident that stone replacement has the 11 highest embodied carbon expenditure of all the individual interventions. However, when this is 12 placed in context of a 100-year maintenance period, it has the lowest EMI due to the short life EMI for repointing could be higher than stone replacement (Scenario 1). Conversely, the latter 27 which commonly undertaken on small surface areas of wall repair (based on pieces or block of 28 stones), will implicates consistent small EMI as compared to the former.
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It must be emphasised that, if deterioration has occurred to the substrate forming the base of 30 the plastic repair, therefore, it is necessary to cut back the natural stone further. Importantly, this 31 will prevent repeated plastic repairs due to build-up of excessive thickness. In this situation, the 32 plastic repair and the decayed natural stone is assumed to be removed after 30 years and new 33 stone built in to a depth of 100 mm. In accordance with scenario 2 the replacement stone will last 34 beyond the 100-year maintenance period so only 0.7 of its EMI is attributed to the study period 35 (single plastic repair, then stone replacement, in Scenario 5).
36
Importantly, the transport of materials has a major impact on the EMI results (as noted by LCA. The number of interventions (n) and total area repaired (m 2 ) assessed is also critical.
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Practically, the results will also be influenced by the specifiers philosophical attitude towards 28 stone masonry wall repair and their broader repair strategies (Forster, 2010a and 2010b The authors would like to thank the contribution made by the National Trust for Scotland,
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Historic Scotland and the City of Edinburgh Council for access to maintenance and repair data. 
